.
For bone tissue engineering, it is important that stem cells differentiate into osteoblast-like cells, and display a bone celllike response to mechanical loading [6] . Polyamines, which are organic cations derived from amino acids, may be involved in both processes. Polyamines have been associated with a variety of biological processes such as proliferation, differentiation, and apoptosis [8] [9] [10] . Furthermore, polyamines were suggested to be involved in growth and development of a range of mammalian tissues, and in re-modelling processes associated with tissue repair [8] [9] [10] . In addition to normal growth and development, polyamines have also been associated with tumour growth and metastasis, and enhanced polyamine levels and high activity of enzymes involved in polyamine biosynthesis were observed in tumour cells [11] . Cellular polyamine levels are tightly regulated by a complex network of factors that are involved in polyamine biosynthesis and catabolism [12] . Biosynthesis [12] . Gene expression of SSAT is regulated by the polyamine-modulated transcription factor-1 (PMF-1) [13, 14] . Polyamines are intimately involved in their own biosynthesis and degradation, since both SSAT and PMF-1 have polyamine-responsive elements in their promotor [13, 14] .
includes the conversion of the amino acid ornithine to the polyamine putrescine, and subsequently to the polyamines spermidine and spermine. Catabolism of polyamines is mediated via acetylation of spermidine and spermine by the spermidine/spermine N (1)-acetyltransferase (SSAT), which targets them for cellular excretion, or results in their conversion into putrescine
Several studies have implicated polyamines in bone and cartilage growth and development [15] [16] [17] . Polyamines were shown to be abundantly present in the ossifying area as compared to the resting region in epiphyseal cartilage from calf scapulas [15] , and alkaline phosphatase activity, which is a marker for bone cell differentiation, was enhanced by polyamines [15] . This suggests that polyamines may play a role in calcification of pre-osseous cartilage. Furthermore, the activity of enzymes involved in polyamine metabolism and polyamine levels in rabbit costal chondrocytes are regulated by parathyroid hormone (PTH), which is involved in bone re-modelling [16] . Finally, polyamines have been demonstrated to regulate cyclooxygenase-2 (COX-2) expression [17] , which is intimately involved in bone adaptation to mechanical loading [18, 19] . Together, these studies implicate an important role for polyamines in bone growth and development. Recent studies in our laboratory have implicated polyamines in the response of AT-MSCs to mechanical loading [20] 
Materials and methods

Isolation of AT-MSCs
AT-MSCs were isolated as described by Zuk et al. [2, 3] [4] . Furthermore, goat-AT-MSCs were characterized as described by Knippenberg et al. [5] . Briefly [5] . .  1C) and PMF-1 (Fig. 1D) (Fig. 3A) . In addition, 14 days after treatment with 10-µM spermine, runx-2 gene expression was increased by 3.8-fold (Fig. 3B) . Furthermore, four days after treatment of AT-MSCs with 30-µM spermine, osteopontin gene expression was significantly increased by 9.8-fold (Fig. 4A) , while no significant effect of spermine on osteopontin gene expression was observed 14 days after treatment (Fig. 4B) .
AT-MSC culture and stimulation
To induce osteogenic differentiation, goat-derived AT-ASCs
Statistical analysis
Data on gene expression were obtained from six separate experiments using six different goats, and data on ALP activity were obtained from four separate experiments using four different goats. When indicated, real-time PCR data were log-transformed in order to obtain normally distributed data. Treatment-over-control (T/C) values were not log-transformed. Data are presented as mean ± SEM, and statistical analysis was performed using the Student's t test.
Results
To study whether expression of genes involved in polyamine metabolism is modulated during osteogenic stimulation in AT-
MSCs, goat-derived AT-MSCs were stimulated for 7 or 14 days in osteogenic medium containing 10 nM 1,25(OH)2D3, and gene expression of the polyamine-related genes SSAT and PMF-1 was determined. 1,25(OH)2D3 stimulated osteogenic differentiation of AT-MSCs as shown by increased gene expression of both runx-2 (Fig. 1A), which is a transcription factor involved in early stages of osteogenic differentiation, and osteopontin (Fig. 1B), which is a bone matrix molecule expressed during later stages of osteogenic differentiation, after 14 days. Gene expression of both SSAT (Fig
3-30 µM significantly increased SSAT gene expression, with a maximum increase of 2.6-fold at 3 µM spermine, suggesting that AT-MSCs are responsive to spermine (Fig. 2). Fourteen days after a 30 min. treatment with spermine, SSAT gene expression in cells treated with spermine was similar to that in control cells (data not shown). Four days after treatment of AT-MSCs with 3-30 µM spermine, runx-2 gene expression was significantly increased, reaching a 2.4-fold increase at 3 µM spermine
To further evaluate the effect of spermine on differentiation of AT-MSCs along the osteogenic lineage, the effect of spermine treatment on ALP activity was studied. Cells were treated for 30 min. with different concentrations spermine (1- 30 µM) , and after 1, 3 and 4 weeks ALP activity was visualized using NBT/BCIP. The number of AT-MSCs showing positive staining for ALP activity was significantly increased by 1.4-fold, 4 weeks after treatment with 3 µM spermine (Fig. 5) . The total number of cells was not changed by spermine (data not shown).
Discussion
In [12] . Disregulation of cellular polyamine homeostasis has been associated with tumour formation and metastasis [11] . Continuous The polyamines putrescine, spermidine and spermine affect various cellular processes [8] [9] [10] . While polyamines are derived from the same precursor, the various polyamines have been demonstrated to activate different intracellular signalling pathways [24] . Both polyamines putrescine and spermidine have been shown to stimulate tyrosine phosphorylation by tyrosine kinases [24] . However, while putrescine increases the expression of the transcription factors c-fos and c-jun, spermidine activates mitogen-activated protein kinases (MAPKs) and c-myc [24] . In contrast to putrescine and spermidine, the signal transduction pathways activated by spermine are still poorly described [24] . Activation of different intracellular signalling pathways by the various polyamines indicates that they display different effects on cellular activities. In the present study, we 
